Preparation of Wwp1 HECT Rosetta (DE3) cells (Novagen) were transformed with a pET28 plasmid containing the Wwp1 HECT domain (residues 546-922). Cells were grown in LB media to OD 600 = 0.7 before inducing expression with IPTG (1.0 mM final concentration) at 20 °C over six hours. Cells were then harvested by centrifugation and resuspended in 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 2 mM Imidazole, 1% Tween-20, 5% glycerol with protease inhibitors (Complete Protease Inhibitor Cocktail, Roche). Following sonication, the lysate was cleared with centrifugation, and then incubated with TALON Metal Affinity Resin (Clontech; 2 ml slurry equilibrated with the above resuspension buffer) for 1 hour at 4 °C with rocking. The resin was then washed first with 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 2 mM imidazole, 1% Tween-20, 5% glycerol, 1 mM PMSF, 2 mM BME (1 x 10 ml), and then with 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 20 mM Imidazole, 1% Tween-20, 5% glycerol, 1 mM PMSF, 2 mM BME (2 x 10 ml). His-tagged ligase was eluted with 50 mM Tris-HCl, 100 mM NaCl, 300 mM imidazole, 5% glycerol, pH 8.0 (2 x 1 ml) and then buffer exchanged to 50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 5% glycerol (Zeba Spin Desalting Columns, Thermo).
Preparation of Itch HECT BL21 (DE3) cells (Novagen) were transformed with a pET28-MHL plasmid containing the Itch HECT domain (residues 544-903, Addgene #36197). Cells were grown in TB media to OD 600 = 3 before inducing expression with IPTG (2.0 mM final concentration) at 15 °C over 16 hours. Cells were then harvested by centrifugation and resuspended in 50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5% glycerol, 2 mM imidazole, 0.1 μM PMSF, 10 mM BME with protease inhibitors (Complete Protease Inhibitor Cocktail, Roche). Following sonication, the lysate was cleared with centrifugation, and then incubated with TALON Metal Affinity Resin (Clontech; 2 ml slurry equilibrated with the above resuspension buffer) for 2 hours at 4 °C with rocking. The resin was then washed with 50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5% glycerol, 10 mM imidazole (4 x 15 ml). His-tagged ligase was eluted with 50 mM Tris-HCl, pH 7.0, 250 mM NaCl, 5% glycerol, 200 mM imidazole (3 x 1.5 ml) and then buffer exchanged to 20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 5% glycerol, and 0.5 mM TCEP.
Preparation of GST-Parkin and GST-HHARI
BL21 cells (Novagen) were transformed with GST-Parkin (rat, residues 217-465, Addgene #31255) or GST-HHARI (human, residues 177-393, Addgene #31254) in pGEX-4T2. Cells were grown in LB medium supplemented with ZnCl 2 (0.2 mM) to OD 600 = 0.7 before inducing expression with IPTG (0.4 mM final concentration) at 15 °C over 22 hours. Cells were then harvested by centrifugation and resuspended in 50 mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT with DNAse I from bovine pancreas (10 μg/ml, Sigma-Aldrich), and protease inhibitors (Complete Protease Inhibitor Cocktail, Roche). Following sonication, the lysate was cleared with centrifugation, and then incubated with glutathione agarose beads (Pierce Biotechnology, 2 ml slurry equilibrated with 50 mM Tris pH 8.0, 50 mM NaCl, 1 mM DTT) for 2 hours at 4 °C with rocking. The beads were then washed with 50 mM Tris pH 8.0, 200 mM NaCl, 1 mM DTT (3 x 20 ml) before eluting GST-tagged ligase with 50 mM Tris pH 8.0, 200 mM NaCl, 1 mM DTT, 15 mM GSH (5 x 1 ml). The combined eluates were concentrated with Amicon Ultra Centrifugal Filter Units (MWCO 3,000, Millipore) to 1.5 mL and then buffer exchanged to 50 mM Tris pH 8.0, 200 mM NaCl, 1 mM DTT (Zeba Spin Desalting Columns, Thermo).
Preparation of His-tagged Sic60-GFP BL21(DE3)pLysS cells (Novagen) were transformed with Cat6-Sic60PY-GFP-6His in pET3a vector, and the cell cultures were grown to OD 600 = 0.6 prior to induction of Sic60-GFP with IPTG (1.0 mM final concentration) at 37 °C for 4 hours. Cells were then harvested, resuspended in 6×His purification Buffer A, which was supplemented with protease inhibitors (Complete Mini Protease Inhibitor Cocktail, EDTA free, Roche). After centrifugation, the resulting supernatant was incubated with HisPur Ni-NTA Resin (Pierce Biotechnology) for 1-2 h at 4 °C. Beads were washed with PBS and 6×His purification Buffer B. Bound proteins were eluted with 6×His purification Buffer C. The eluate was dialyzed against 6×His purification buffer D overnight and stored at -80 C. All other Sic60-GFP mutants were prepared using the same experimental procedure.
Protein ubiquitination via Rsp5/ByS. All reactions (30 μL total volume) were performed in Ubiquitination buffer I. Protein ubiquitination was initiated by adding Tagged-or Tagless-Ub-MES to the reaction mixtures. All reactions were performed at room temperature for the indicated amounts of time and were quenched with reducing Laemmli buffer containing 20 mM of hydroxylamine to consume remaining thioester, unless specified otherwise. To analyze thioester adducts of Rsp5 806stop~U b, non-reducing Laemmli buffer was used. Sample mixtures (7.0 μL total volume) were resolved by 7.5% SDS-PAGE, unless specified otherwise. The ubiquitination of Sic60-GFP was monitored by ingel fluorescence scanning. DYKDDDDK FLAG tag antibody (Cell Signaling Technology) and anti-K63-ubiquitin linkage antibody (Millipore) were used according to the manufacturer's protocol.
MALDI-TOF analysis.
Protein bands on SDS-PAGE gels were visualized using Coomassie staining, excised, and in-gel digested with trypsin for 12-16 hours according to the protocol released by the Virginia Tech Center for Genomics. 1 Digested peptides were analyzed by MALDI-TOF (Bruker Autoflex III MALDI, reflectron positive mode, α-Cyano-4-hydroxycinnamic acid as a matrix). The tryptic peptides are predicted using Swiss-prot software. All molecular masses of peptides derived from branching at any lysines on Tagged-Ub-MES, Tagless-Ub-MES, TaglessUb(K48R)-MES, or Tagless-Ub(K63R)-MES were calculated as listed (Supplementary Table 2 -5). In order to acetylate tryptic peptides, 10 μL of digested solution was treated with 25 μL of acetic anhydride in Methanol (1:3 v/v) for one hour, followed by evaporating the solution with Speed-vac, reconstituting in water (0.1 % TFA) and desalting with ZipTip (Millipore) for subsequent MALDI-TOF analysis.
Pulse-chase Assay
The Ub~UbcH5a was prepared as previously described. 2 E1 enzyme UBA1 (250 nM), UbcH5a (2.0 μM), ubiquitin (5 μM) and ATP (1 mM) were incubated for 40 min at room temperature in the ubiquitination buffer I. The reaction mixture was quenched by adding 5 mM of EDTA, followed by buffer exchange with ubiquitination buffer II using Zeba spin desalting column. 10 μL of the resulting solution was treated with 10 μL of Rsp5ΔWW (3.0 μM) in ubiquitination buffer II to initiate the reaction. Similarly, 10 μL of Tagless-Ub-MES (2.0 μM) in ubiquitination buffer II were treated with the 10 μL of Rsp5ΔWW (3.0 μM) in ubiquitination buffer II to initiate reaction.
Metal affinity purification of ubiquitinated Sic60-GFP Slurry (100 μL) of Talon Metal Affinity Resin (Clontech) is washed with PBS 21 mL. The resin is then resuspended in 100 μL of PBS and 15 μL of this slurry was added to the 60 μL of ByS reaction mixture that contained Rsp5, GFP-Sic60 and Taggless-Ub-MES. After incubation at room temperature for 5 minutes with mild shaking, beads were centrifuged for 2 minutes at 15kG, followed by supernatant removal. Beads were washed with PBS (pH 7.4, 300 μL), wash buffer (25 mM imidazole in PBS, pH 7.4, 300 μL), and bound proteins were eluted with 50 μL of elution buffer (250 mM imidazole in PBS, pH 7.4). Eluted proteins were treated with the 6 reducing Laemmli buffer that contained 20 mM NH 2 OH, and resolved by SDS-PAGE.
Kinetic analysis
Triplicate reactions were performed at room temperature and contained Tagless-Ub-MES with Rsp5ΔWW in 25 mM HEPES pH 7.5, 50 mM NaCl, and 4 mM MgCl 2 . At indicated time points, 5 μL of the reaction mixture
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was mixed with 5 μL FCys Stop Buffer. The mixture was then incubated at 37 °C for 16 hours and quenched by adding 2 μL of 6× reducing Laemmli buffer. The mixture was further diluted with 1× reducing Laemmli buffer so that 7 μL of sample loading to each well contained 1 -2 μg of ubiquitin. 18% SDS-PAGE gels (1.5 mm thick, handcast) were used to maximize the separation between free FCys and labeled ubiquitin that appears at ~10 kDa, followed by in-gel fluorescence scanning. The fluorescence intensity of each band was quantified using ImageJ. The relative intensities against the 0 minute band were multiplied by total nmol of Ub-MES in the reaction mixture. Data sets were fitted to Michaelis-Menten equation using Graphpad Prism 6 to obtain K cat , V max and K m values. It is important to note that we observed decreased stability of Ub-MES above pH 7.8.
Synthesis of FCys
Scheme S1. Synthetic Scheme of the FCys.
N-Boc-S-Trityl-N-2-aminoethyl-L-cysteinamide (I).
To a DMF solution (10 mL) of N-Boc-S-trityl-L-cysteine (1.0 g), carbonyl diimidazole (430 mg) was added and stirred for 30 min at room temperature. Ethylene diamine (1.4 mL) was added and stirred for an additional 2 hours at room temperature. Dichloromethane (50 mL) was added to the solution before washing with water (5 × 50 mL) and brine (1 × 50 mL). The solution was further dried with anhydrous magnesium sulfate and concentrated in vacuo until white crystals of compound I precipitated. The precipitated material was collected and further dried (750 mg, 68%). 1 
N-Boc-S-Trityl-N-[2-[[[(fluorescein-5-yl)amino]-thioxomethyl]amino]ethyl]-L-cysteinamide (II).
Fluorescein isothiocyanate (54.0 mg) was added to a solution of compound I (70.13 mg) in DMF (2 mL) and stirred for 16 hours at room temperature. The reaction mixture was diluted with dichloromethane (30 mL), and then washed with water (2× 30 mL) and brine (1× 30 mL). Organic layers were dried over anhydrous magnesium sulfate and then concentrated in vacuo. The residue was purified by silica gel chromatography (ethyl acetate : hexanes = 3 : 1, 3 % MeOH) to afford orange red solid (II). 1 
N-[2-[[[(Fluorescein-5-yl)amino]thioxomethyl]amino]ethyl]-L-cysteinamide (FCys)
. 50 mg of compound II was treated with 1 mL of TFA containing water (2.5 v/v %) and triisopropylsilane (2.5 v/v %) under nitrogen. The reaction mixture was stirred at room temperature for 1 hour before transferring it to 50 mL of cold diethyl ether. The resulting precipitate was centrifuged at 4000 g (10 min). After decanting the ether layer, the orange precipitate was dissolved in MeOH and transferred to a glass scintillation vial and concentrated in vacuo (25 mg, 83%). 1 
Buffers
Ubiquitination buffer I: HEPES (25 mM. pH 7.5), NaCl (50 mM), and MgCl 2 (4 mM). Ubiquitination buffer II: HEPES (25 mM. pH 7.5) and NaCl (50 mM). Lysis buffer I: HEPES (20 mM, pH 6.5), Sodium Acetate (50 mM) and NaCl (75 mM). Cleavage buffer I: MESNa (100 mM) in lysis buffer I, pH 6.5. PreScission Protease Buffer: HEPES (50 mM, pH7.0), NaCl (150 mM) and EDTA (0.1 mM). 6×His purification Buffer A: NaPO 4 (50 mM, pH 7) and NaCl (300 mM). 6×His purification Buffer B: NaPO 4 (50 mM, pH 7), NaCl (300 mM) and imidazole (10 mM). 6×His purification Buffer C: NaPO 4 (50 mM, pH 7), NaCl (300 mM) and imidazole (150 mM). 6×His purification buffer D: HEPES (50 mM, pH 7), NaCl (150 mM) and EDTA (0.1 mM). 6×His purification Buffer E: NaPO 4 (50 mM, pH 7), NaCl (300 mM) and imidazole (25 mM). 6×His purification Buffer F: NaPO 4 (50 mM, pH 7), NaCl (300 mM) and imidazole (250 mM). 6× reducing laemmli loading buffer: Tris (60 mM, pH 6.8), SDS (120 mg/mL), Glycerol (47 % v/v), Bromophenol blue (0.6 mg/mL) and DTT (600 mM). FCys Stop Buffer: HEPES (50 mM, pH 7.0), Urea (6 M), FCys (6 mM), TCEP (9 mM) Figure S1 . Preparation of the 3FLAG-6His-ubiquitin 1-76 -mercaptoethansulfonate (Tagged-Ub-MES). (A) Tagged-Ub is inserted into the pTYB1 vector and expressed with BL21(DE3) cells. The resulting recombinant Tagged-Ub-Intein-CBD fusion protein was isolated using chitin beads. Chitin beads were washed and treated with sodium mercaptoethansulfonate (MESNa) solution to cleave and elute Tagged-Ub-MES. Tagged-Ub-MES is further purified using HPLC and analyzed by ESI-MS. Reaction mixtures containing UBE1 (0.24 μg, 60 nM), UbcH5a (1.4 μg, 2.7 μM), ubiquitin (40 μg, 155 μM), Rsp5 (1.0 μg, 0.4 μM) and Sic60-GFP (1.2 μg, 1.2 μM) with or without ATP (4.0 mM) in ubiquitination buffer I were incubated at room temperature for 1 hour, followed by addition of 6 reducing Laemmli loading buffer, resolving protein bands by SDS-PAGE (12 %), and then in-gel fluorescence scanning or Coomassie staining. (C) Coomassie stained gel of expressed wild type full length Rsp5 or its mutants. Rsp5 and its mutants have lower MW impurities (~20 or ~25 kDa) Figure S3 . The ubiquitination of Sic60-GFP is dependent on the concentration of Tagged-Ub-MES. Rsp5 and Sic60-GFP were treated with increasing amounts of Tagged-Ub-MES in ubiquitination buffer I. The reaction was incubated for 2 hours at room temperature, followed by quenching with 6 reducing Laemmli buffer containing hydroxylamine (20 mM, final concentration), resolved by 7.5% SDS-PAGE gel and analyzed by in-gel fluorescence scanning and Coomassie staining. The fluorescence scanning (upper) and Coomassie staining (lower) of SDS-PAGE gel showed higher molecular weight bands that correspond to the combined mass of Sic60-GFP-Ub x and Rsp5-Ub x .
Figure S4. MALDI-TOF analysis of polyubiquitin chain formed by Rsp5ΔWW via native cascade. (A)
The ubiquitination reaction was performed with UBE1 (0.09 μM), UbcH5a (1.0 μM), Rsp5ΔWW (1.5 μM), ATP (4 mM) and Sic60-GFP (0.5 μM) with wildtype ubiquitin (wtUb), ubiquitin K48R (Ub (K48R)), and ubiquitin K63R (Ub(K63R)) in ubiquitination buffer I. The reaction was quenched by 6 reducing buffer containing NH 2 OH (20mM, final concentration), resolved by SDS-PAGE and imaged by Coomassie staining. The region between MW 130~250 kDa was isolated and digested with trypsin. The MALDI-TOF analysis of polyubiquitin chains formed with (B) wtUb, (C) Ub(K48R) and (D) Ub(K63R) is shown. Any peak corresponding to calculated polyubiquitin linkage signal (Table S2-S4) is marked with red color. Figure S5 . Rsp5/ByS catalyzes K63-specific polyubiquitin chain synthesis on the Sic60-GFP substrate. Full length Rsp5 (5 μM), Sic60-GFP (10 μM) and Tagged-or Taggless-Ub-MES (40 μM) in ubiquitination buffer I were incubated 6 hours at room temperature. The ubiquitinated Sic60-GFP that has C-terminal 6His tag was immobilized on nickel beads and eluted by imidazole (250 mM). The eluate was resolved by SDS-PAGE (4-20%) and the amount of K-63 linked polyubiquitin chains on Sic60-GFP was probed using K63-linkage specific antibodies. Figure 4A . However, the calculated m/z value for the K6-polyubiquitin linkage signal ( 1 MQIFVK 6 (GG)TLTGK 11 , m/z = 1379.6765) is close to the m/z 1379.402 value of Rsp5 peptide, which precludes the clear distinction between these peptides. To test if the signal from K6-polyubiquitin linkage is present, tryptic peptides from both reactions were treated with the acetic anhydride (Table S5 ). The tryptic peptide from Rsp5ΔWW has only one free amine at the N-terminus of the peptide ( 220 QYSSFEDQYGR 230 ), whereas that of K6-linked polyubiquitin chain has two ( 1 MQIFVK 6 (GG)TLTGK 11 ). Therefore, the expected acetylation pattern is different for the two peptides: Ac-220 QYSSFEDQYGR 230 (m/z = 1421.424) and Ac-1 MQIFVK 6 (GG)TLTGK(Ac) 11 (m/z = 1463.8086), which can be distinguished. Indeed, MALDI-TOF analysis of acetylated tryptic peptides of both (C) Rsp5ΔWW and (D) polyubiquitin chain formed by Rsp5/ByS with Tagless-Ub-MES showed the signal that corresponds to singly acetylated peptide of Rsp5ΔWW. We did not detect the signal for the doubly acetylated K6-linkage Ub peptide, which suggest that Rsp5ΔWW is not likely to form K6-linked polyubiquitin chains. resolved by SDS-PAGE (7.5% gel) and imaged by in-gel fluorescence scanning and Coomassie staining. (B) Protein ubiquitination via Rsp5/Bys with Tagless-Ub-MES depends on the catalytic cysteine of Rsp5. The ubiquitination of Sic60-GFP by Rsp5 or Rsp5 cysteine to alanine mutants in the presence of Tagless-Ub-MES was analyzed by in-gel fluorescence scanning. Rsp5 mutants without the catalytic cysteine (Cys 777 ) are marked with red color. Reactions were incubated for 4 hours at room temperature, quenched with 6 reducing Laemmli buffer (NH 2 OH, 20 mM final), resolved by SDS-PAGE (7.5% gel) and imaged by in-gel fluorescence scanning and Coomassie staining. (C) Protein ubiquitination via Rsp5/Bys with Tagless-Ub-MES is dependent on the enzyme-substrate binding interaction. Sic60-GFP and its mutants were incubated with Rsp5 or Rsp5 mutants under ByS reaction conditions for 4h, quenched with 6 reducing Laemmli buffer (NH 2 OH, 20 mM final), resolved by SDS-PAGE (7.5% gel) and imaged by in-gel fluorescence scanning and Coomassie staining. Mutants of Rsp5 and substrate, with recognition motif deleted (ΔWW and PA, respectively) are marked with red color. (D) Protein ubiquitination via Rsp5/Bys with Tagless-Ub-MES is dependent on the last four amino acids of Rsp5. Ubiquitination of Sic60-GFP via Rsp5 806stop /ByS is analyzed by in-gel fluorescence scanning and Coomassie staining. The reaction mixture was incubated for 4 hours at room temperature, quenched with 6 reducing Laemmli buffer (NH 2 OH, 20 mM final), resolved by SDS-PAGE (7.5% gel) and imaged by in-gel fluorescence scanning and Coomassie staining. (E) Rsp5 806stop forms a thioester adduct with Tagless-Ub-MES (Rsp5 806stop~T agged-Ub). The formation of Rsp5 806stop~T agless-Ub was confirmed by Western-blotting with Anti-Ub antibody. The reaction mixtures of Rsp5 806stop (1.0 μM) and Tagless-Ub (50 μM) were incubated for 45 minutes at room temperature and quenched with either 6 non-reducing Laemmli buffer or 6 reducing Laemmli buffer without NH 2 OH. For this experiment, we did not use NH 2 OH to exclude the possibility that NH 2 OH could cleave the stable isopeptide adduct between Rsp5 806stop and Ub. The presence or absence of NH 2 OH, however, did not affect our conclusions. The band corresponding to adduct of Rsp5 806stop and TaglessUb is marked with "*". Ub~UbcH5a or Tagless-Ub-MES in ubiquitination buffer II were treated with Rsp5ΔWW to initiate ubiquitination reactions, and incubated at room temperature for indicated times, followed by quenching with 6 non-reducing Laemmli loading buffer. Reaction mixtures were resolved by SDS-PAGE (4-20 % gel) and the amount of ubiquitinated proteins as well as unreacted thioesters were visualized with Coomassie staining. Procedure: 10 μL of solution of UbcH5a~Ub (2.0 μM) or Tagless-Ub-MES (2.0 μM) in ubiquitination buffer II was treated with 10 μL of Rsp5ΔWW (3.0 μM) in ubiquitination buffer II to initiate reaction. Bands corresponding to ubiquitinated Rsp5ΔWW are marked with "*". UbcH5a~Ub preparation is described in the methods section. Figure S14. ByS/FCys protocol measures catalytic defects of Rsp5∆WW mutants. The Rsp5∆WW mutants as well as wtRsp5∆WW (5.0 μM) were incubated with Tagless-Ub-MES (250 μM) in 25 mM HEPES pH 7.5, 50 mM NaCl, and 4 mM MgCl 2 for the indicated times. The reactions were quenched with reducing Laemmli buffer (coomassie) or FCys Stop Buffer (Fluorescence), resolved by SDS-PAGE and analyzed by coomassie staining or fluorescence scanning as described above. The data of three replicates were used to obtain the initial rates shown in Figures 6E and 6F (mean values ± s.d.) . To generate the linear fits of Figure 6E , the relative intensities against the 30 second time point were plotted and fit with a linear equation. We then extrapolated the wtRsp5∆WW curve to the y-axis to estimate 0 nmol at time = 0. The y-intercepts for fits of all mutant enzymes were then adjusted to match this point at time = 0. The arrow indicates an impurity from Ub-MES. 
